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EFFECT  OF  TEMPERATURE  ON 
THE  STRENGTH  OF  SNOW-ICE 

F.  Donald  Haynes 

INTRODUCTION 


Polycrystalline  ice  made  from  saturated  or 
compacted  snow  is  commonly  found  on  rivers, 
lakes  and  glaciers.  The  strength  of  freshwater 
snow-ice  has  been  investigated  by  many  re- 
searchers, including  Butkovich  (1955),  Franken- 
stein (1959),  Weeks  and  Assur  (1969),  Carter 
(1970),  Hawkes  and  Mellor  (1972)  and  Haynes 
(1973).  A knowledge  of  the  material  properties  of 
this  type  of  ice  is  necessary  for  establishing 
design  criteria  for  structures  subjected  to  ice 
forces 

The  present  investigation  was  undertaken  to 
determine  the  effect  of  temperature  on  the 
strength  of  ice  loaded  in  uniaxial  compression 
and  tension  Two  machine  speeds,  0 847  mm/s 
and  84  7 mm/s,  were  used  for  the  tests  while  the 
test  temperature  was  varied  from  — 01°C  to 
— 54°C  A load  cell  was  used  to  determine  the 
applied  load  and  linear  variable  differential 
transformer  transducers  were  used  to  measure 
deformation  on  dumbbell-shaped  specimens 

In  addition  to  the  compressive  and  tensile  test 
results,  the  initial  tangent  and  50%  strength 
moduli  were  found  for  the  compression  tests, 
and  the  secant  modulus  was  found  for  the  ten- 
sile tests.  These  results  were  compared  to  those 
from  other  investigators 


SAMPLE  PREPARATION 

The  snow-ice  samples  were  prepared  in  a man- 
ner similar  to  that  described  by  Hawkes  and 
Mellor  (1972)  and  Haynes  (1973).  The  ice  can  be 
classified  as  bubbly,  isotropic,  polycrystalline 
ice.  It  was  made  by  packing  ice  grains  in  a mold, 
saturating  them  with  0°C  water  and  freezing 

The  ice  grains  were  obtained  by  disaggregat- 
ing snow,  passing  it  through  a U S standard 
number  20  sieve  and  catching  the  grains  on  a 
number  40  sieve.  A 12  7-x  27.4- x 7 4-cm  split 
Lucite  mold  could  form  four  2.54-cm-diam  x 
8.26-cm-long  samples  at  a time.  Lucite  inserts 
were  placed  in  the  cylinders  of  the  mold  to  pro- 
duce dumbbell-shaped  specimens.  Aluminum 
end  caps  were  placed  in  the  mold  and  frozen  on- 
to the  specimens  during  the  freezing  stage.  The 
snow  was  compacted  at  — 10°C  by  slowly  add- 
ing snow  to  the  four  holes  of  the  mold  while  it 
was  on  a vibrator.  A 1 27-cm-diam  plastic  tube 
was  attached  to  a brass  adapter  threaded  into 
the  bottom  end  cap  of  each  cylinder  Distilled, 
degassed  water  at  0°C  was  then  added  to  each 
hole.  This  method  forced  some  of  the  air  out  of 
the  compacted  snow  but  many  bubbles  re- 
mained as  shown  in  Figure  1 


P 


Figure  1.  Distribution  of  bubbles  in  polycrystalline  ice. 


Insulation  was  then  placed  on  the  top  and 
sides  of  the  mold,  and  it  was  placed  in  an  am- 
bient temperature  of  — 23°C  for  freezing  Direc- 
tional freezing  took  place  from  the  base  upward, 
which  minimized  freezing  strains  and  entrapped 
water  The  ice  had  a bulk  density  of  0.911  Mg/m1 
and  the  average  bubble  size  was  about  0.2  mm 
(Fig  1)  Freezing  at  a low  temperature  tended  to 
reduce  bubble  migration  and  produce  a 
specimen  with  a more  uniform  bubble  distribu- 
tion The  outer  periphery  tended  to  be  bubble- 
free 

The  grain  structure  is  shown  in  Figure  2 Under 
polarized  light  the  grains  appear  to  be  randomly 
oriented  with  an  average  size  of  about  0 6 mm 

APPARATUS  AND  TESTING 
PROCEDURE 

All  ice  samples  were  tested  on  an  MTS  closed- 
loop  electrohydraulic  testing  machine.  Model 
907  52,  equipped  with  a temperature-controlled 


Bemco  environmental  chamber,  as  shown  in 
Figure  3.  Two  thermocouples,  one  mounted  ad- 
jacent to  the  sample  to  monitor  the  air 
temperature  in  the  chamber  and  the  other  at- 
tached to  the  bottom  platen,  were  connected  to 
a Fluke  2100A  digital  thermometer  and  provided 
a continuous  temperature  check.  A heat  sink 
device  was  used  for  the  tests  run  at  — 0 1°C  and 
— 3°C  It  consisted  of  metal  cans  filled  with 
crushed  ice  and  placed  around  the  sample  in  the 
chamber 

Since  the  samples  were  stored  in  a coldroom 
at  — 7°C  and  tested  over  a range  from  — 0 1°C 
to  — 54°C,  sufficient  time  had  to  be  allowed  for 
the  samples  to  reach  an  equilibrium  state  with 
the  desired  test  temperature  of  the  chamber  A 
dummy  sample,  wired  with  three  thermocou- 
ples, was  used  to  determine  that  a minimum  con- 
ditioning time  of  1 Vt  hours  was  required  for  a 
test  at  — 54°C,  while  the  conditioning  times  for 
tests  at  other  temperature s usually  did  not  ex- 
ceed 1 hour  A special  equilibration  procedure 
was  used  for  the  tests  at  — 0 1°C  The  samples 
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Figure  2.  Crain  structure  under  polarized  light. 


were  placed  in  the  chamber  at  — 0.5°C  and  con- 
ditioned for  'A  hour  The  chamber  temperature 
was  then  raised  to  -0.1°C  and  the  sample  con- 
ditioned for  at  least  15  minutes  before  the  test 
was  run  According  to  transient  heat  transfer 
theory,  this  was  greater  ‘ban  the  time  required 
for  central  temperature  equilibration 

Fluctuations  of  the  temperature  inside  the  en- 
vironmental chamber  and  those  caused  by  open- 
ing and  closing  of  the  chamber  door  were 
observed  The  chamber  normally  cycled  through 
a change  of  about  ±0  1 °C  every  minute,  but 
short-term  fluctuations,  eg  about  5°C  in  TO 
seconds,  occurred  when  the  chamber  door  was 
opened  and  then  closed  The  ice-filled  metal 
cans  absorbed  heat  introduced  when  the  door 
was  opened  and  helped  to  stabilize  the 
temperature  and  decrease  the  fluctuations 
In  most  of  the  compression  tests,  a 25-tonne 
capacity  load  cell,  MTS  Model  b61  22.  with  an 
accuracy  of  ±2%  of  the  measured  value,  was 
used  to  determine  the  applied  load  For  lower  ex- 
pected loads  at  higher  temperatures  and  slower 


loading  rates,  and  for  all  the  tensile  tests,  a 909 
-kg  Baldwin-Lima-Hamilton  SR-4  load  cell  was 

used. 

Two  linear  variable  differential  transformer 
(LVD1 ) transducers  were  used  to  measure  the  ax- 
ial deformation  of  the  samples.  They  were  at- 
tached to  the  sample  end  caps  180°  apart,  and 
their  output  signals  were  averaged  to  obtain  the 
average  displacement. 

l oad  and  displacement  curves  were  recorded 
on  a Tektronix  dual-beam  oscilloscope,  Model 
R510TN  Load  and  time  curves  were  recorded  on 
a Tektronix  502A  dual-beam  oscilloscope  and  a 
Biomation  802  transient  recorder.  The  transient 


TEST  RESULTS 


Data  for  the  uniaxial  compression  and  tension 
tests  are  presented  in  Tables  I and  II.  A total  of 
78  compression  tests  and  85  tension  tests  were 
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Figure  3.  MTS  machine  and  Bemco  environmental  chamber. 


Table  I.  Compression  tests  of  polycrystalline  ice 


Avg  s train  Initial  50% 

Failure  rate  to  Time  to  tangent  strength 

Temp  Strength  strain  peak  stress  failure  modulus  modulus 
[ °C)  IMN/m')  (X10  -)  110-' s ')  (s)  ICN/m1)  (CN/m'J 


Machine 
Test  speed 
no.  ( mm/s ) 


‘Data  missing 
tFlaw  in  specimen 

5 


1781 

2516 

14  38 

1.018 

20.13 

14  38 

L0195 

M 

M 

10176 

18.02 

18  02 

>0166 

25  16 

14.38 

1.278 

5.03 

3.59 

1391 

12.55 

12  55 

M 

16.73 

16  73 

M 

M 

M 

1.55 

9.24 

9.24 

160 

8 35 

8 35 

1.75 

805 

8.05 

1.45 

1009 

807 

M 

M 

M 

166 

1006 

1006 

1662 

12  58 

12.58 

M 

M 

M 

1564 

12  58 

12  58 

Table  I (cont'd).  Compression  tests  of  polycrystalline  ice. 

A vg  strain  Initial  50% 

Machine  Failure  rate  to  Time  to  tangent  strength 

Test  speed  Temp  Strength  strain  peak  stress  failure  modulus  modulus 

no.  (mm/s)  (°C)  (MN/m'J  ( x JO-)  (W‘ s~')  (s)  fCN/m'J  (CN/m1) 


-40  0 
-42  0 
-50  0 
-51  0 
-49  0 
- 01 
- 01 
- 0.1 

- 30 

- 30 

- 30 

- 30 

- 30 
-10  0 
-10  0 
-10  0 
-10  0 
-10  0 
-10  0 
-10  0 
-35  0 
-35  0 
-35  0 
-36  0 
-35  0 
-53  0 
-52  0 
-48  3 
-47  0 
-45  8 

- 01 
-54  0 
-54  0 
-54  0 
-53  0 
-53  0 
-19  0 
-19  0 
-19  0 
-19  0 
-190 
-19  0 
-19  0 

- 30 

- 30 

- 30 

- 0.1 
- 01 
- 0.1 
-18  5 
-18  5 
-18  5 
— 18  5 
-17  5 
-17  5 
-17.5 
-17  5 
- 20 


28  53 
351 
3863 
3424 
41,7 

483 

461 

7 46 
1 98 

8 87 

9 44 

14  75 

12  99 

15  3 
19.3 
202 
10.97 
1668 
15  10 
15  80 
34  46 
18  44 

15  36 
27  21 
23  45 

M 

8 78 
17,55 
37  75 

29  85 
5.27 

3621 
43  89 
5311 
57  50 
50  04 
6.14 

13  17 

14  92 
1405 
23  70 
21  29 
20  63 

8 78 
8 47 
8 56 
694 
5 05 
5.05 

20  85 

21  07 

17  78 

16  68 
10  10 

15  36 
20  63 

18  44 
8 34 


17.5 

25  3 
M 

190 
31  4 

10.5 
11  34 

61 
M 
9 6 
11.3 

15.7 
14  8 

M 

13.38 

12.8 
M 

11  6 
11.3 
131 

30  5 
22  7 

M 

21  8 
21  8 
M 
M 
M 

28  8 

26  2 
3.5 
M 

21  0 

31  7 

33  4 
299 

M 
246 
26  4 
264 
489 
436 
48  0 
6 98 
6 98 
48 
61 
3 49 
61 

34  9 
41  9 
57  6 
30  5 

35  8 
33  2 

32  8 
39  9 
17  5 


2  23 
143  94 
M 

109  06 
189  21 
377 
2 90 
M 
M 

1  745 

1 890 

2 094 

3 296 
M 

2.027 
1 933 
M 
206 
82  79 
140.73 
M 

3  32 
M 
M 
3 45 
0.977 
M 
M 

3 257 
315 

1 89 
M 

11994 
162  38 
171  40 
160  78 
M 
M 
M 
M 

606 

4 47 
517 
712 
895 

61  52 
96  94 
M 

124  64 
298  29 
427  35 
394  42 

4 12 
610 

5 44 
M 

40715 
4 30 


• t ' « «>  'st  ..a  tha  ■»..»  * 


Table  II.  Tension  tests  of  polycrystalline  ice. 


Avg  strain 


Test 

no. 

Machine 

speed 

(mm/sj 

Temp 

(°C) 

Strength 

fMN/m') 

Failure 

strain 

(X10-) 

rate  to 
peak  stress 

(10"  s-'J 

Time  to 
failure 
(s) 

Secant 

modulus 

(GN/m‘) 

11 T 

84.7 

- 30 

1.32 

I2T 

84.7 

- 30 

1 49 

I3T 

84  7 

- 3.0 

1.05 

I4T 

0847 

- 30 

1 83 

218 

0283 

0.771 

8 39 

I5T 

0847 

- 3 0 

2 32 

3 40 

324 

1 05 

6 82 

I6T 

0847 

- 30 

290 

340 

0193 

1 76 

8 53 

I7T 

0 847 

- 7.0 

1 84 

3 49 

M* 

M 

M 

I8T 

0 847 

- 7.0 

1.36 

I9T 

0847 

- 70 

1 63 

HOT 

0847 

- 7.0 

1.84 

3 49 

0 750 

0 465 

5.27 

HIT 

84  7 

- 70 

1.45 

3.05 

31  23 

0.0098 

475 

I12T 

84  7 

- 7.0 

1 49 

11 3T 

84  7 

-18  0 

1.14 

11 4T 

84  7 

-18  0 

1.63 

11 5T 

83.7 

-18  0 

1.63 

I16T 

0.847 

-18.0 

2 37 

5.24 

0865 

0605 

4.52 

11 7T 

0 847 

-18  0 

211 

6.11 

0973 

0.625 

4 52 

11 8T 

0.847 

-180 

1.67 

I19T 

0 647 

-18  0 

211 

I20T 

84  7 

-18  0 

1.93 

121 T 

84  7 

-18.0 

1 84 

I22T 

84  7 

-18  0 

1.32 

I23T 

0 847 

-18  0 

281 

4 36 

0616 

0 708 

6.44 

I24T 

0 847 

-18  0 

219 

5.45 

0 915 

0 596 

4.02 

I25T 

0847 

-18.0 

2.72 

6 54 

0842 

0777 

416 

I26T 

0847 

-18  0 

1.84 

I27T 

0847 

-18  0 

219 

5.45 

0 901 

0605 

402 

I28T 

0847 

-18  0 

315 

6 54 

0.877 

0 746 

481 

I29T 

84  7 

-18  0 

2 02 

3.27 

33  5 

0 0098 

618 

I30T 

84  7 

-18  0 

1.93 

4 3b 

406 

00107 

442 

I31T 

0.847 

-18  0 

2 02 

5 45 

0955 

0.571 

3 71 

I32T 

0847 

-180 

1.62 

I33T 

0 847 

- 70 

1.93 

6 54 

0 684 

0957 

395 

I34T 

0847 

- 15 

1 80 

3 45 

0 668 

0 522 

516 

I35T 

0847 

- 1.5 

2 02 

4 36 

0 687 

0635 

563 

I36T 

84  7 

- 11 

1.71 

393 

M 

M 

M 

I37T 

0847 

-18  2 

1.71 

I38T 

0 847 

- 14 

1.71 

2.18 

0430 

0 508 

784 

I39T 

84  7 

- 1.3 

2.11 

305 

15  66 

0 0195 

692 

I40T 

84  7 

- 11 

2 37 

305 

31.3 

00098 

7 77 

141 T 

0847 

- 01 

211 

393 

0 745 

0 527 

5 37 

I42T 

0 847 

- 01 

0 79 

I43T 

0847 

- 01 

2 28 

3 49 

060 

0 581 

6 53 

I44T 

84  7 

- 01 

1 93 

3 49 

51  32 

00068 

5 53 

I45T 

84  7 

- 01 

2.11 

3 49 

3561 

00098 

605 

I46T 

84  7 

- 01 

1.89 

3 49 

35  61 

0 0098 

5 42 

I47T 

84  7 

- 57 

2 19 

3 05 

31.16 

0 0098 

7.18 

I48T 

0847 

-18  0 

1 58 

I49T 

0 847 

-18  0 

1 76 

ISOT 

0847 

-18  0 

1.71 

1 51 T 

0 847 

-180 

1.71 

I52T 

0847 

-53  0 

1 40 

I53T 

0847 

-50  0 

1.3 

I54T 

0847 

-52  0 

1 58 

I55T 

84  7 

-51  0 

1 32 

I56T 

0 847 

-51  0 

1 71 

'Data  missing 

No  entry  means  invalid  test 
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Table  II  (coat'd).  Tension  tests  of  polycrystalline  ice. 


A vg  strain 


Test 

no. 

Machine 

speed 

(mm/s) 

Temp 

(°C) 

Strength 

(MN/m1) 

Failure 

strain 

(xto-) 

rate  to 
peak  stress 
(10-'  s'') 

Time  to 
failure 
(s) 

Secant 

modulus 

(CN/m1) 

I57T 

0 847 

- 9 5 

1.73 

490 

M* 

M 

3.53 

I58T 

0847 

- 9 2 

1 73 

490 

1 02 

0 480 

3.53 

I59T 

0 847 

- 9 6 

1 32 

IbOT 

0 847 

- 96 

1 05 

161 T 

0 847 

-21  0 

1 27 

162  T 

0 847 

-21  0 

224 

M 

M 

M 

M 

I63T 

0847 

-21  0 

1 45 

I64T 

84  7 

- 9 7 

2 28 

4.90 

50  02 

0 0098 

465 

I65T 

84  7 

- 97 

1 84 

466 

6379 

00073 

395 

I66T 

0 847 

-18  5 

219 

8 58 

1 56 

0 5508 

2.55 

I67T 

0 847 

-18  5 

1 32 

I68T 

0 847 

-10  0 

1 58 

I69T 

0847 

-120 

1 54 

I70T 

0 847 

-18  5 

083 

171 T 

0 847 

-18  5 

1 58 

I72T 

0 847 

-36  5 

1 54 

I73T 

0 847 

-36  5 

1 45 

I74T 

0 847 

-36  5 

1.14 

I75T 

0 847 

-36  5 

1 23 

I76T 

847 

-36  5 

1 54 

I77T 

84  7 

-36  5 

2 50 

5.00 

64 

0078 

500 

I78T 

84  7 

-36  5 

2 90 

M 

M 

00645 

M 

1791 

84  7 

-51  0 

099 

I80T 

84.7 

-51  0 

1 23 

181 T 

0847 

-51  0 

1 80 

I82T 

0847 

-51  0 

1 62 

I83T 

0 847 

-52  0 

1 58 

I84T 

847 

-52  0 

1 14 

I85T 

0 847 

-18  0 

2.37 

4 36 

M 

M 

5 43 

Data  missing 

No  entry  means  invalid  test 

made  Temperature  was  the  principal  variable  tests,  although  the  desired  plane  of  failure  for 

and  tests  were  run  at  —01°,  —3°,  -7°,  -10°,  the  tension  tests  was  in  the  neck  section  of  the 

— 18°,  —35°  and  — 54°C  The  lowest  dumbbell-shaped  specimen.  Therefore,  at  each 

temperature  could  not  be  steadily  maintained  at  combination  of  temperature  and  machine 

times,  so  that  some  tests  had  to  be  run  at  higher  speed,  an  attempt  was  made  to  run  tension  tests 

temperatures.  The  test  machine  was  operated  in  until  at  least  one  sample  failed  in  the  neck  sec- 

a constant  displacement  mode  for  all  tests.  Two  tion 

rates  of  loading  were  used,  0 847  mm/s  and  84.7  Figure  4 shows  the  strength  as  a function  of 

mm/s,  representing  a slow  and  a fast  test  The  temperature  for  the  compression  tests.  At  a 

failure  stress  was  easily  determined  from  each  machine  speed  of  84  7 mm/s,  the  average 

load-deformation  curve  An  analysis  was  done  strength  increased  from  5.85  MN/m1  at  — 01°C 

by  Haynes  et  al.  (1975)  to  determine  the  strain  in  to  48.15  MN/m2  at  — 54°C.  At  a machine  speed 

the  neck  section  of  the  dumbbell  specimen.  A of  0.847  mm/s,  the  average  strength  increased 

factor  of  0.349  A L,  where  AT  is  the  deformation  from  4.9  MN/m!  at  — 0.1  °C  to  40.12  MN/m2  at 


measured  by  the  LVDT's  between  end  caps,  was 
used  for  calculating  the  strain 

At  least  three  tests  were  run  at  each 
temperature  and  at  each  machine  speed  in  both 
tension  and  compression  More  than  half  of  the 
samples  broke  at  the  end  caps  in  the  tension 


■ 53°C. 


The  relationship  between  tensile  strength  and 
temperature  is  shown  in  Figure  5.  The  tensile 
strength  is  relatively  insensitive  to  temperature 
and  lies  between  1.71  MN/m2  and  3.16  MN/m2 
over  the  range  of  test  temperatures  More  than 
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Load  445  N/dlv  — 

Figure  6.  Load-deformation  curve  for  a valid  tensile  test. 


Load  445  N/dlv  

Figure  7.  Load-deformation  curve  tor  an  invalid  tensile  test. 


half  of  the  tests  reported  in  Table  II  are  con- 
sidered to  be  invalid  tests.  The  criterion  for  this 
invalidity  is  slippage  of  the  specimen  in  the  end 
cap  as  determined  from  the  load-deformation 
curve  Figure  6 shows  a valid  test  while  Figure  7 
shows  an  invalid  test  Only  the  valid  tests  are 
plotted  in  Figure  5. 

The  specimen  tended  to  fail  in  the  neck  sec- 
tion for  tests  down  to  — 7° C,  the  test  tempera- 


ture used  by  Hawkes  and  Mellor  (1972).  Below 
this  temperature  it  was  very  difficult  to  obtain 
specimen  failure  in  the  neck  section.  One  reason 
for  specimen  failure  at  the  end  cap  was  that  un- 
equal thermal  contraction  between  the  ice  and 
aluminum  end  cap  produced  strains  in  the  ice 
prior  to  testing  An  attempt  was  made  to  prevent 
the  effects  of  unequal  thermal  expansion  by  at- 
taching split  end  caps  to  the  specimen  after  the 
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specimen  was  made.  Figure  8 shows  the  split  end 
caps  used  Similar  split  caps  were  used  by 
Dykins  (1966)  for  tensile  tests  on  sea  ice.  The 
results  of  using  the  split  caps  in  this  investigation 
were  only  moderately  successful;  i.e  most  of  the 
specimens  still  failed  at  the  end  cap  However, 
the  only  specimens  which  did  fail  in  the  neck 
section  below  — 10°C  are  those  in  which  the 
split  caps  were  used  A better  design  is  required 
in  order  to  conduct  reliable  tensile  tests  at  low 
temperatures 

The  calculation  of  failure  stress  for  each  test 
was  based  on  the  cross-sectional  area  of  the 
neck  section  of  the  sample  The  rationale  for 
plotting  many  tests  whose  failure  occurred  at 
tne  end  cap,  as  well  as  those  that  failed  at  the 
neck  section,  is  that  the  minimum  area  sustained 
the  failure  load  even  though  it  was  not  always  in 
the  failure  plane  The  points  plotted  in  Figure  5 
therefore  represent  the  minimum  failure  stress 
for  the  range  of  test  temperatures 

The  initial  tangent  modulus  as  a function  of 
temperature  is  shown  in  Figure  9 The  relation- 
ship between  the  modulus  at  50%  strength  and 
temperature  is  shown  in  Figure  10  Both  figures 
indicate  that  the  modulus  tends  to  increase  with 
decreasing  temperature  for  the  compression 
tests  Figure  11  shows  the  secant  modulus  to 
failure  for  the  tensile  tests  as  a function  of 
temperature 

DISCUSSION 

Compressive  strength 

The  uniaxial  compressive  strength  of  natural 
and  artificial  ice  has  been  the  topic  of  many  in- 
vestigations Many  of  these  tests  were  perform- 
ed on  relatively  soft  machines  that  could  have 
influenced  the  results  considerably.  Butkovich 
(1954)  tested  snow-ice  and  clear  ice  from  a lake 
over  a temperature  range  from  0°C  to  — 50°C, 
and  found  that  the  maximum  strength  increased 
from  2.b7  MN/m'  to  5 6 MN/m'  for  the  snow-ice 
and  from  2.52  MN/m'  to  9 71  MN/m'  for  the 
clear  ice  He  also  noted  a rate  of  increase  of 
0.018  MN/m'  °C  for  snow-ice  and  0 07  MN/m'  °C 
for  lake  ice  at  unreported  strain  rates  Wolfe  and 
Thieme  (1964)  report  an  increase  in  strength 
from  1 86  MN/m'  to  5 34  MN/m'  for  river  ice  and 
from  3 28  MN/m'  to  6 55  MN/m'  for  laboratory 
grown  ice  over  a temperature  range  from  — 10°C 
to  — 60°C  They  found  a rate  of  about  0 08 
MN/m'  °C  for  river  ice  and  015  MN/m'  °C  for 


laboratory  grown  ice.  Mellor  and  Smith  (1966) 
tested  snow-ice  at  temperatures  from  0°C  to 

— 50°C.  The  average  strength  increased  from 
1 67  MN/m'  at  0°C  to  3.82  MN/m'  at  -50°C 
They  found  a maximum  rate  of  about  0.2  MN/m' 
°C  for  the  bubbly  ice.  The  effect  of  temperature 
on  the  strength  of  ice  is  discussed  by  Weeks  and 
Assur  (1969).  Kovacs  et  al.  (1977)  conducted 
uniaxial  compression  tests  on  snow  (6  01  -6.24- 
Mg/m‘  density)  from  Greenland.  They  report  a 
maximum  stress  of  3.27  MN/m'  at  — 21  °C  They 
also  discuss  a rate  of  strength  increase  with 
temperature  for  snow-ice  found  by  other  in- 
vestigators. The  average  rate  between  — 20°C  to 

— 40°C  was  0.076  MN/m'  °C. 

The  compressive  strength  found  in  this  study 
is  considerably  higher  than  reported  by  other  in- 
vestigators for  comparable  temperatures  and 
loading  rates.  Figure  4 shows  that  the  average 
strength  increased  from  4 9 MN/m'  at  — 0 1°C  to 
4012  MN/m'  at  — 53°C  for  the  tests  run  at  a 
machine  speed  of  0 847  mm/s.  For  the  machine 
speed  of  8.47  mm/s  the  average  strength  increas- 
ed from  6.13  MN/m'  at  -0.1°C  to  48  15  MN/m' 
at  — 54°C.  The  maximum  strength  values  for  the 
0 847-mm/s  machine  speed  showed  a rapid  in- 
crease from  - 01  °C  to  - 3°C  which  may  be  the 
result  of  interstitial  unfrozen  water  However, 
between  — 3°C  and  — 35°C  the  rate  of  increase 
was  0.6  MN/m'  °C.  At  the  machine  speed  of  8 47 
cm/s  the  average  strength  increased  at  a rate  of 
0 78  MN/m'  °C. 

In  this  study  all  tests  were  conducted  on  a 
relatively  stiff  machine.  This  machine  prevents, 
to  a high  degree,  energy  stored  in  the  system 
from  causing  specimen  failure  once  cracks  are 
initiated  It  is  this  characteristic  of  the  testing 
machine  which  probably  accounts  for  the  higher 
strength  values 

Hawkes  and  Mellor  (1972)  showed  that  the 
compressive  strength  of  snow-ice  increases  with 
strain  rate  At  -7°C  the  present  results  agree 
with  Hawkes  and  Mellor,  since  the  higher  strain 
rates  produced  higher  strengths.  However,  the 
strain  rate  effect  is  not  conclusive  since  there  is 
considerable  scatter  (see  Fig  4) 

Tensile  strength 

Precise,  valid  tensile  tests  are  difficult  to  per- 
form To  consistently  obtain  specimen  failure  in 
the  neck  section  without  any  flexural  stresses  o. 
slippage  of  the  gripping  system  is  a challenge. 
Hawkes  and  Mellor  (1972)  conducted  uniaxial 
tensile  tests  on  polycrystalline  snow-ice  similar 
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Figure  10.  The  relationship  between  50%  strength  modulus  and  temperature  for 
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the  compression  tests. 

to  that  tested  in  this  investigation.  The  strengths 
that  they  found  at  - 7°C  (shown  in  Fig.  5)  ranged 
from  1 68  MN/m'  to  2.62  MN/m2.  They  found  the 
strength  to  be  relatively  insensitive  to  strain  rate 
in  the  range  from  10'7  to  10‘2  s'\  They  also 
discuss  the  different  gripping  systems  used  by 
other  investigators  including  Butkovich  (1954) 
and  Dykins  (1966). 

Dykins  (1966)  conducted  tensile  tests  on 
laboratory  grown  sea  ice  For  specimens  cored  in 
a vertical  direction,  the  mean  strengths  ranged 
from  1.05  MN/m2  at  -10°C  to  1.43  MN/m2  at 
— 27°C,  indicating  a temperature  effect  for  sea 
ice  in  this  range  (The  strength  of  sea  ice  is 
typically  lower  than  that  of  freshwater  ice.) 
Dykins  employed  split  end  caps  similar  to  the 
ones  used  in  this  study. 

Carter  (1970)  reports  a slight  effect  of 
temperature  on  the  tensile  strength  of  ice.  His 
maximum  strengths  ranged  from  2.11  MN/m2  at 
0°C  to  2.26  MN/m2  at  - 30°C 

It  was  found  in  this  study  that  valid  tensile 
tests  were  difficult  to  obtain.  Figure  5 shows  that 
specimen  failure  in  the  neck  section  was  usually 


obtained  for  temperatures  above  — 10°C. 
However,  at  — 18°C  and  — 36°C  the  specimens 
seldom  failed  in  the  neck  section. 

The  tensile  strengths  agree  very  well  with 
those  obtained  by  Hawkes  and  Mellor  (1972)  at 
-7°C.  At  lower  temperatures  the  strengths  are 
higher,  indicating  a temperature  effect.  The  max- 
imum strengths  for  the  0.847-m m/s  tests  suggest 
a rapid  increase  between  — 0.1°C  and  — 3°C, 
which  may  be  the  result  of  interstitial  unfrozen 
water.  The  tensile  strength  shows  some  agree- 
ment with  Carter  (1970)  at  -0.1°C  but  tends  to 
be  much  higher  than  Carter's  results  at  lower 
temperatures. 

Modulus  of  elasticity 

There  is  not  much  information  available  on 
the  modulus  of  elasticity  for  ice’  since  accurate 
values  for  specimen  deformation  are  difficult  to 
obtain  Hawkes  and  Mellor  (1972),  however, 
report  values  for  the  initial  tangent  modulus  for 
ice.  At  -7°C  they  found  this  modulus  to  be  in- 
sensitive to  strain  rate  for  compression  tests  and 
found  that  it  increased  slightly  for  tension  tests 
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Figure  11.  Secant  modulus  vs  temperature  for  the  tensile  tests. 


with  increasing  strain  rate.  Their  initial  tangent 
modulus  values  were  between  6.2  MN/m1  and 
11.72  MN/m2  for  compression  tests  and  between 
4.27  MN/m2  and  6.9  MN/m2  for  tension  tests. 

The  initial  tangent  modulus  values  found  in 
this  study  and  given  in  Figure  9 show  good  agree- 
ment with  Hawkes  and  Mellor  (1972)  at  — 7°C. 
At  lower  temperatures  the  values  tended  to  in- 
crease. indicating  a temperature  effect.  The 
50%  strength  modulus  shown  in  Figure  10  tends 
to  increase  slightly  with  temperature. 

For  the  tension  tests,  the  deformations  were 
extremely  small;  therefore,  only  the  secant 
modulus  was  found  from  the  oscilloscope 
records  and  is  shown  in  Figure  11.  The  data 
records  indicate  that  the  initial  tangent  modulus 
was  slightly  higher  than  the  secant  modulus. 
Very  good  agreement  between  the  secant 
modulus  and  the  initial  tangent  modulus 
reported  by  Hawkes  and  Mellor  (1972)  was 
found. 

Mode  of  failure 

Failure  modes  for  uniaxial  tests  on  ice  and 
frozen  soil  are  described  by  Hawkes  and  Mellor 
(1970,  1972).  Carter  (1970)  discusses  the  brittle 
fracture  of  snow-ice.  He  proposed  failure  criteria 
for  both  tension  and  compression  based  on 
dislocation  theory 
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In  this  study  the  compression  tests  exhibited  a 
ductile  failure  at  — 0.1  °C  with  the  slower 
machine  speed  of  0.847  mm/s  as  shown  on  the 
cover  and  in  Figure  12.  A combination  of  ductile 
yield  and  brittle  fracture  was  observed  at 
— 17°C  and  a machine  speed  of  0.847  mm/s  as 
shown  in  Figure  13.  At  a machine  speed  of  8.47 
mm/s  and  a temperature  of  - 54°C,  brittle  frac- 
ture occurred,  as  shown  in  Figure  14. 

All  tensile  tests  produced  specimen  failure  by 
brittle  fracture.  A typical  load-deformation 
curve  and  failure  in  the  neck  section  is  shown  in 
Figure  15.  Failure  near  the  end  of  the  neck  sec- 
tion observed  with  the  split  end  caps  is  shown  in 
Figure  15.  Irregular  fracture  planes  (Fig.  14  and 
15)  are  discussed  by  Hawkes  and  Mellor  (1970). 
They  explain  this  phenomenon  by  crack  initia- 
tion and  arrest  at  various  locations  on  the 
ultimate  failure  surface.  With  increasing  load 
the  norcoplanar  cracks  coalesce  to  form  an  ir- 
regular fracture  surface. 

The  ratio  of  compressive  strength  to  tensile 
strength  varies  widely  with  temperature  and 
strain  rate;  eg.  the  ratio  is  about  2 to  1 at 
-0.1°C  and  about  10  to  1 at  -36.5°C.  The 
failure  theory  proposed  by  Griffith  (1924)  ap- 
pears reasonable  for  the  present  results  because 
of  the  bubbles  present  in  the  ice  specimens. 
However,  the  present  results  do  not  agree  with 
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Figure  14.  Compression  test  at  - 54°C  with  a 
machine  speed  of  84.7  mm.  s. 
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Figure  76.  Tensile  test  with  split  end  caps. 


Griffith's  assumption  that  the  compressive 
strength  of  a brittle  material  is  eight  times  the 
tensile  strength 

CONCLUSIONS 

The  uniaxial  compression  tests  conducted  on 
polycrystalline  ice  in  this  study  indicate  that  the 
strength  is  very  sensitive  to  temperature  At 
strain  rates  of  about  1 5 x 10'1  s"'  and  2 0 x 10‘* 
S'\  the  strength  increased  about  one  order  of 
magnitude  as  the  temperature  decreased  from 

— 0.1  °C  to  — 54°C.  The  average  rate  of  increase 
for  the  1 .5  x 10"’  s”  tests  was  0 78  MN/m1  °C.  For 
the  2.0 X10'1  s"'  tests  the  average  rate  of  in- 
crease was  0 6 MN/m'  °C  between  -3°  and 

— 35°C  The  results  indicate  that  the  strength  in- 
creased about  2 Vi  times  between  — 0.1  °C  and 

— 3°C  for  the  2 Ox  10'’  s'1  tests  At  comparable 
temperatures  and  loading  rates,  the  compressive 
strength  and  rates  of  increase  found  in  this  study 
are  higher  than  those  found  by  other  in- 
vestigators This  may -be  partly  due  to  the 
relatively  stiff  testing  machine  used  in  this  in- 
vestigation 

Valid  tensile  tests  were  difficult  to  obtain  On- 
ly 36  of  the  total  85  tests  run  were  considered 
valid.  Problems  with  slippage  of  the  specimen  in 
the  gripping  system  and  differential  thermal  con- 


traction between  the  end  caps  and  specimen  are 
difficult  to  surmount.  Valid  test  results  indicate 
an  increase  in  uniaxial  tensile  strength  with 
temperature,  especially  between  — 0.1  °C  and 

— 3°C.  The  results  agree  very  well  with  other  in- 
vestigations. 

The  initial  tangent  modulus  increased  about 
two  times  as  the  temperature  decreased  from 

— 0.1°C  to  — 54°C.  At  comparable 
temperatures,  the  results  agree  well  with  a 
previous  investigation.  The  50%  stress  modulus 
also  increased  with  decreasing  temperature.  A 
secant  modulus  found  for  the  tensile  tests 
agreed  well  with  results  from  a previous  in- 
vestigation 

The  results  of  this  study  provide  data  on 
material  properties  which  are  useful  for 
establishing  design  criteria  for  structures  sub- 
jected to  ice  forces.  Additional  testing  is  needed 
at  lower  temperatures  and  higher  strain  rates. 
Better  techniques  are  required  for  uniaxial  ten- 
sile testing  of  polycrystalline  ice. 
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